Abstract The fundamental separation of Golgi function between subcompartments termed cisternae is conserved across all eukaryotes. Likewise, Rab proteins, small GTPases of the Ras superfamily, are putative common coordinators of Golgi organization and protein transport. However, despite sequence conservation, e.g., Rab6 and Ypt6 are conserved proteins between humans and yeast, the fundamental organization of the organelle can vary profoundly. In the yeast Saccharomyces cerevisiae, the Golgi cisternae are physically separated from one another, while in mammalian cells, the cisternae are stacked one upon the other. Moreover, in mammalian cells, many Golgi stacks are typically linked together to generate a ribbon structure. Do evolutionarily conserved Rab proteins regulate secretory membrane trafficking and diverse Golgi organization in a common manner? In mammalian cells, some Golgi-associated Rab proteins function in coordination of protein transport and maintenance of Golgi organization. These include Rab6, Rab33B, Rab1, Rab2, Rab18, and Rab43. In yeast, these include Ypt1, Ypt32, and Ypt6. Here, based on evidence from both yeast and mammalian cells, we speculate on the essential role of Rab proteins in Golgi organization and protein transport.
Within the Golgi apparatus, many of these are modified sequentially by glycosidases and glycosyltransferases as they transit from cis to trans through the Golgi apparatus. Finally, these cargo components are sorted via trans Golgi network (TGN), and transported to the plasma membrane or other intracellular organelles. The above process, anterograde membrane trafficking, delivers newly synthesized proteins from the ER via the Golgi apparatus to the cell surface and is termed overall the secretory pathway [13] [14] [15] [16] . However, most, if not all, transport between organelles is in two directions. So, the Golgi apparatus also occupies a central position in retrograde membrane trafficking which returns escaped ER resident proteins and other machinery that cycles between the ER and Golgi back to their site of origin [17, 18] . Together, the Golgi mediates significant steps in bidirectional transport that must be well counterbalanced [19] . In addition, other proteins such as bacterial toxins or viral assembly intermediates may piggyback on these pathways [20] .
The Golgi apparatus is a highly dynamic organelle, yet it manages to maintain ordered structure to ensure that cargo proteins are correctly modified and efficiently sorted. Continuous membrane trafficking is essential to maintain Golgi homeostasis [21] [22] [23] . Thus, like other organelles, the varied functions of the Golgi apparatus are linked with its organization. However, how the linkage between organization and function for the Golgi apparatus is achieved remains poorly understood. Here, we use Rab proteins, important molecular switches, to illustrate both the extent and the limits of our understanding.
Rab proteins and their effectors
Rab proteins are the largest family of small Ras-like GTPases. Recent analysis indicates that there are over 60 members in the human genome while 11 members identified in the yeast, S. cerevisiae. Besides humans and yeast, Rab proteins have been found in essentially all eukaryotes. This wide distribution suggests that they play key roles in eukaryotic cells [24] [25] [26] [27] . In yeast and mammalian cells, Rab proteins are probably central regulatory factors in membrane trafficking and involved in almost all steps of vesicle transport (Fig. 2) [28, 29] . For instance, Rab5 regulates protein trafficking from plasma membrane to early endosomes. Overexpression of Rab5-ile133, in which GTP binding activity is inhibited, results in both endocytic trafficking defects and disruption of the structure of early endosomes into small tubules and vesicles. Moreover, the major Rab5 effector, EEA1, has been shown to function in endocytic vesicle tethering and fusion [30, 31] . In yeast, the Rab protein Sec4 interacts with an exocyst component Sec15 that is important in vesicle trafficking and tethering [32] .
Structurally, Rab proteins share a fold common to GTPases of the Ras superfamily (Fig. 3 ). This fold consists of a six-stranded b sheet, five strands of which are parallel and one antiparallel, and five a helices that surround them. At the COOH terminus of all Rab proteins is a hypervariable region composed of *35-40 amino-acid residues and a downstream double-cysteine prenylation motif. Replacement of Rab 1 or Rab5 hypervariable region by that of Rab9 can lead to the interaction of Rab9 effector TIP47 Fig. 1 Golgi organization varies among different cells and species. a In S. cerevisiae, Golgi cisternae present throughout the cytoplasm individually. b In S. pombe and P. pastoris, cisternae are aligned in parallel to generate the Golgi stack. c In mammalian cells, several Golgi stacks are typically linked together to form a ribbon structure with the chimeric Rabs. Furthermore, the Rab1/9 and Rab5/9 hybrids relocalize from Golgi or early endosome to late endosome that contain Rab9 normally when TIP47 is co-expressed. Thus, the hypervariable domain together with certain effectors probably specifies distinct localizations of Rab proteins [35] [36] [37] . Sequence analysis shows the presence of two kinds of additional conserved regions in Rab proteins: five RabF regions and four RabSF regions. The former distinguishes Rab proteins from other members of the Ras superfamily. The latter can be used to define subfamilies of Rabs and is proposed to determine the specific binding site of effector proteins that interact with the respective Rab protein [38] [39] [40] [41] . For example, studies by Ostermeier and Brunger [42] demonstrated that there are three complementarity-determining regions of Rab3A. These regions, which occupy three of the four RabSF regions, are important for Rab3A binding to its effector, rabphilin.
In acting as molecular switches, Rab proteins recruit effectors in the GTP-bound state and are switched off in the GDP-bound state. Switch I and switch II regions are crucially responsive to the nucleotide-bound state. They are well ordered when the Rab protein is GTP bound and disordered when it is GDP bound [36, 43, 44] . An early illustrative example comes from Sec4, the first discovered member of the Rab family in yeast. Its GDP-bound structure displays poor order for switch I residues 48-56 and switch II residues 76-93 [45] . Rab switch regions also contribute to the binding of effectors [46] .
Rab proteins are associated in a chaperone-like manner with a number of distinct protein partners. Newly synthesized Rab protein is recognized by a Rab escort protein (REP), which presents the Rab to geranylgeranyl transferases for modification [47, 48] . With the help of a GDP dissociation inhibitor displacement factor (GDF), Rab proteins are delivered to the appropriate membrane (Fig. 4 ) [49] [50] [51] . At the same time, GDP dissociation inhibitor (GDI) is released and the exchange of GDP with GTP is catalyzed by a GDP/GTP exchange factor (GEF). The active Rab can then bind effectors and regulate membrane trafficking. After the Rab interacts with a GTPase-activating protein (GAP), the Rab protein hydrolyzes GTP to GDP and the Rab protein is converted from the GTP-bound state to GDP-bound state that is effector inactive [33, 52] . The inactive Rab will be released from the membrane and recycled back to the cytosol in the presence of GDI (Fig. 4) . The inactive Rab bound by GDI can then be recycled as illustrated in Fig. 4 . Interestingly, GDIs recognize general features of prenylated Rab proteins. Humans have only two expressed GDI proteins, while yeast has only one GDI protein, but they can interact with all of the different GDP-bound Rab proteins [53, 54] . a Ribbon structure of Rab3A with functional regions colored as indicated (RabF1 and RabF3 are not shown since they are localized in switch I and switch II regions, respectively). This figure was rendered using available coordinates [33] and UCSF Chimera software [34] . b Amino-acid sequence of Rab3A and functional regions as indicated. The green arrow highlights the switch I region, while the purple arrow shows the switch II region Fig. 4 Rab proteins cycle between different nucleotide-bound states. GDF (GDI displacement factor) displaces GDI (GDP dissociation inhibitor) from GDP-Rab and facilities Rab protein anchoring to the target membrane. Meanwhile, GEF (GDP/GTP exchange factor) functions to exchange GDP with GTP. Therefore, Rab protein is activated and able to regulate the membrane trafficking with the help of effectors. Finally, catalyzed by GAP (GTPase-activating protein), the bound GTP is hydrolyzed to GDP. The inactive Rab will be recycled back to cytosol by interacting with GDI Are Rab proteins the link between Golgi organization and membrane trafficking? 4095
Rab proteins are involved in regulating membrane trafficking through the recruitment of effector molecules. Trafficking-specific effector proteins selectively bind Rab proteins in the GTP-bound state [55] . Individual Rab proteins can interact with a variety of different effectors and moreover, an individual effector can be shared by several related Rab proteins. For example, the effector of Rab3A, Rabphilin, can interact with Rab3B/3C/3D, as well as Rab27A/B [56] [57] [58] [59] . Rab effectors are typically associated with each step of membrane trafficking and are likely recruited in a manner that is sensitive to local molecular context. During vesicle formation, for example, the wellcharacterized Rab9 effector, TIP47, binds to the cytoplasmic domain of mannose 6-phosphate receptors (MPRs). MPRs are then recycled from late endosomes to the TGN. Rab9, principally localized to late endosomes, increases the interaction of TIP47 with MPRs, and hence MPRs are concentrated to Rab9 vesicles [37, 60] . In addition, Rab proteins and their effectors are implicated in regulation of vesicle transport along actin or microtubule structures. Rab27a regulates melanosome transport to the plasma membrane in melanocytes. It has been demonstrated that in this process, melanosome Rab27a interacts with myosin Va on actin filaments via the Rab27a effector melanophilin [61] [62] [63] . Rab6 effectors Bicaudal D1/D2 have a role in linking Rab6-containing vesicles and the microtubule motors [64] . Rab proteins also interact with vesicle tethers of both the long coiled-coil protein class and multiprotein complex class [30, 65, 66] . Moreover, SNARE-associated vesicle fusion to the target membrane is involved with Rab proteins and effectors as well [67, 68] .
Rab proteins are associated with the Golgi organization and trafficking
Rab proteins associated with the Golgi apparatus in humans and yeast can be arranged along a cis to trans axis (Fig. 5 ). Ypt1/Rab1 and Ypt6/Rab6, which are found in yeast and humans, respectively, are orthologues. As noted earlier, despite this molecular conservation, Golgi organization in the yeast S. cerevisiae and in mammalian cells is very different. The cisternae in S. cerevisiae are separated from one another, while in the mammalian cells they are associated into a stack [10] . Does the lack of conserved Golgi organization indicate that the key role of Rab proteins in Golgi structure/function relationships is trafficking not organelle structure, i.e., are trafficking and organelle structure uncoupled here? Among the 60 or more members of Rab family in mammalian cells, several are associated with the Golgi apparatus ( Table 1) . Some Rab proteins are associated primarily with the Golgi apparatus, including Rab6A/A 0 , Rab19, Rab33A, Rab33B, Rab34, Rab36, and Rab39, some also localize to other organelles besides the Golgi apparatus. However, all these Golgi-associated Rab proteins in mammalian cells are involved in membrane trafficking from/to or through the Golgi [24, 28, 40] . So it can be suggested that some, if not all, of these Golgiassociated Rab proteins should be linked with the coordination of Golgi organization and trafficking.
To date, two systematic screening approaches have been taken for the identification of the role of Rab proteins in Golgi organization. The first is a RNA interference approach by the Malhotra laboratory [129] . 284 dsRNAs ER endoplasmic reticulum, LE late endosome, RE recycling endosome, EE early endosome were used to carry out a genome-wide RNA interference screen in Drosophila S2 cells to identify genes that affect protein secretion. Among these genes, two Rab proteins were included, Rab1 and Rab11. They found that knockdown of Rab1 produced an equivalent phenotype to an ER exit mutation in which metabolically stable Golgi membrane proteins accumulated through cycling in the ER, while depletion of Rab11 caused no apparent effect on Golgi organization. The second is a GAP-based screen by the Barr laboratory [128] . Here the concept is that the TBC domain could be used to identify human Rab GAPs and then overexpression of these in cells could be used to screen for the functional importance of the Rabs. In this screen of 38 human GAPs containing the TBC domain, Haas et al. [128] identified two Rab proteins Rab1 and Rab43 that were essential for the maintenance of the Golgi ribbon structure. They suggested that functions of other Rab proteins at the Golgi apparatus were probably redundant, and hence no individual function in Golgi organization could be identified in their screen. However, based on individual protein studies, besides Rab1 and Rab43, other Rab proteins, including Rab2, Rab6, Rab18, and Rab33B, have been assigned key roles in the regulation of Golgi organization and protein trafficking. We now highlight the trafficking and organizational role of an illustrative subset of these proteins. Some appear to exert their effect by being essential to Golgi ribbon organization or stacking while others appear to affect primarily Golgi trafficking.
Rab6 regulates Golgi trafficking and Golgi organization
Rab6 is one of the most extensively studied Rab proteins involved in regulating Golgi trafficking, maintaining its integrity, and its steady-state homeostasis. Rab6 has four isoforms in mammalian cells, Rab6A, Rab6A 0 , Rab6B, and Rab6C. Rab6A and Rab6A 0 are the products of alternate splicing of the Rab6A gene [130] . The two forms differ in only three amino acid residues present in a region flanking the GTP-binding domain. Both Rab6A and Rab6A 0 are ubiquitously expressed at similar levels, localized to the trans-Golgi cisternae and TGN membranes, and display the same GTP-binding properties [82, 131] . They are sufficiently similar in biochemical and genetic properties that they are collectively referred to as Rab6. Another isoform, Rab6B, is predominantly expressed in brain. Rab6B shows 91 % identity to Rab6A and is encoded by a different gene. The amino acid differences are mainly scattered in the C-terminal region of the proteins. Rab6B localizes to the Golgi apparatus, ER, and ER Golgi intermediate compartment (ERGIC). In addition, the GTP-binding activity of Rab6B is lower than Rab6A in vitro [83] . The final member of Rab6 gene family, Rab6C, shows 75 % identity to Rab6A 0 . Much of the sequence divergence is due to a 46-amino-acid extension after the hypervariable region at the COOH terminus of the protein. Rab6C is only expressed in brain, testis, prostate, and breast. Moreover, unlike the other three isoforms, Rab6C labeled with GFP does not localize to the Golgi apparatus but rather predominantly to centrosomes. Rab6C is involved in regulation of cell cycle progression [84] .
Among the four isoforms of Rab6, the role of Rab6A and Rab6A 0 have been studied most extensively. Overexpression of either wild-type or the GTP-restricted mutant (Q72L) of Rab6A redistributed b-1,4-galactosyltransferase, a trans-Golgi resident glycosyltransferase, to the ER, while overexpression of its GDP-restricted mutant (T27N) inhibited retrograde transport through the Golgi apparatus [132] [133] [134] . These experiments were central to the concept that Rab6A coordinated a retrograde transport route from Golgi to ER. Importantly, they indicate in a dramatic manner that balanced Rab protein activity is central to Golgi organization. There exist at least two independent pathways in Golgi-to-ER trafficking. One is COPI-independent and specifically regulated by Rab6. Golgi glycosylation enzymes and Shiga toxin/Shiga-like toxin-1, for example, transport from Golgi to ER by this pathway [135, 136] . The other is COPI-dependent and Rab6-independent. Example proteins include the KDEL receptor, KDEL-containing toxins, and ERGIC-53 as it cycles to the ERGIC and ER [137, 138] . How COPI-independent trafficking occurs remains poorly understood. Rab6A 0 has been reported to be involved in the Shiga toxin transport from early/recycling endosomes to the TGN of Golgi apparatus. So it seems that Rab6A and Rab6A 0 may act sequentially to regulate the retrograde transport from endosomes to the ER; Rab6A 0 would stimulate transport from endosomes to TGN, while Rab6A would regulate Golgi-to-ER transport [115, 138, 139] . However, several lines of evidence are consistent with the functions of Rab6A and Rab6A 0 being redundant. Utskarpen et al. [140] , taking an siRNA approach, showed that both Rab6A and Rab6A 0 are probably involved in the ricin transport from endosomes to the Golgi. Young et al. [141] found that knockdown of either Rab6A or Rab6A 0 by RNAi delayed Golgi-resident protein recycling to the ER. When both Rab6A and Rab6A 0 are down-regulated, the Golgi ribbon is more condensed. In contrast, depletion of either Rab6A or Rab6A 0 gave a 50 % decrease in total Rab6 protein level and almost a total depletion of the respective isoform. Depletion of either Rab6A or Rab6A 0 alone produced no obvious change in the Golgi ribbon by fluorescence microscopy [141] . The two Rab6 isoforms could well be functionally redundant.
Rab6 is also involved in anterograde trafficking from the Golgi apparatus to the plasma membrane. Rab6 and its effector myosin II are required for the regulation of vesicle fission from Golgi apparatus [142] . Rab6 in the GTP-bound form can bind to the coiled-coil motif of the motor protein, myosin II, and recruit it to Golgi apparatus. Depletion of either Rab6 or myosin II by RNAi inhibited fission of Rab6-positive transport carriers and correspondingly the number of free Rab6-positive transport carriers was reduced. Inhibition of both Rab6 and myosin II did not cause a significantly different phenotype than was observed for either alone, suggesting that they probably act in the same pathway [142, 143] . Other Rabs and myosins including Rab8 and myosin VI are also involved in transport from Golgi to plasma membrane (see below). They may function sequentially in this pathway [143, 144] . In addition, Grigoriev et al. [145] found that Rab6 regulated exocytotic vesicles movement along microtubules to the cell periphery and directed targeting of these vesicles to the plasma membrane. Furthermore, recent studies indicate that exocytic vesicle docking and fusion with the plasma membrane promoted by Rab8A is also Rab6-dependent [146] . In mammalian cells, Rab8 has two isoforms, Rab8A and Rab8B, and is involved in trafficking from TGN to the plasma membrane [147] . Rab8A is associated with long tubules but not localized to the Golgi apparatus. It could be recruited to vesicles during or soon after they leave the Golgi region in the presence of Rab6. Rab8A is associated with Rab6-interacting cortical factor ELKS. A member of the MICAL family, MICAL3, may well serve to link these proteins within the same vesicle-trafficking pathway. If MICAL3 is mutated, the TGN-to-plasma membrane directed vesicles proliferate, dock at the cell cortex, but fail to fuse with the plasma membrane. So, as the authors suggest, two Rab proteins, Rab6 and Rab8A, together with MICAL3 cooperate in regulating vesicle docking and fusion [146] .
Work from this laboratory, Sun et al. [148] , and Storrie et al. [149] provide important evidence that Rab6 regulates Golgi organization through regulating Golgi trafficking. The initial work took an epistatic, double-knockdown approach, to identifying the role of Rab6 relative to the retrograde tether proteins ZW10/RINT-1, Golgi to ER, and the conserved oligomeric Golgi (COG) complex in Golgi trafficking and homeostasis. In mammalian cells, Zeste White 10 (ZW10), a mitotic checkpoint protein, is essential for retrograde trafficking from Golgi to the ER and Golgi organization. It links with RINT-1 and the ER SNARE syntaxin 18. Knockdown of ZW10 or RINT-1 by RNAi induces a clustered punctuate Golgi distribution, i.e., the Golgi ribbon fragments, and inhibits Golgi-to-ER trafficking [150] [151] [152] . Depletion of COG leads to a fragmented Golgi ribbon and the dispersal of Golgi vesicles rich in medial Golgi proteins [153, 154] . In epistatic, doubleknockdown experiments, co-depletion of Rab6 inhibited the Golgi ribbon disruption induced by ZW10/RINT-1 or COG depletion and the accumulation of Golgi-derived vesicles. These results strongly indicate that Rab6 acts upstream of both tether complexes and transport of Golgiderived vesicles. When Rab6 alone was depleted, electron tomography revealed that Golgi cisternal number and cisternal continuity increased and both COPI-and clathrincoated vesicles and coated membrane fission/fusion figures accumulated. Significantly, depletion of the individual Rab6-effector, myosin IIA, induced a decrease in cisternal organization and the accumulation of uncoated vesicles [149] . These results provide strong evidence for a link between Rab6 and effectors that affects Golgi structure. The actual vesicles accumulated must be central to the affect as accumulation of coated vesicles resulted in cisternal proliferation while the accumulation of uncoated vesicles in the case of the myosin IIA knockdown resulted in decreased cisternal organization. These data provide the first indication that Rab6 can regulate, in a direct or indirect manner, Golgi-coated vesicle trafficking. Whether the link between Rab6 and the regulation of Golgi ribbon homeostasis is direct or a secondary consequence of membranetrafficking effects, for example, on coated vesicle trafficking, remains an open question.
Relatively little is known regarding the role of Rab6B or Rab6C. Taking a yeast two-hybrid approach supported by co-immunoprecipitation and GST pull-down assays, Rab6B was found to interact with the large coiled-coil protein, Bicaudal-D1, a member of the dynactin complex that regulates the motor protein dynein [155, 156] . Bicaudal-D1 is a known effector of Rab6A/A 0 . The interaction of Rab6B and Bicaudal-D1 is involved in regulation of retrograde transport along microtubules in neuronal cells. Likely, Rab6A and Rab6A 0 are also associated with Rab6B/Bicaudal-D1-mediated retrograde transport in neuronal cells [64, 155] . Recently, Bicaudal-D-related protein 1 (BICDR-1), which is sequence homologous to Bicaudal-D, was found to be a novel effector of Rab6A and Rab6A 0 . Presently, it is unknown whether BICDR-1 can interact with Rab6B. Such an interaction could be functionally important. In zebrafish, BICDR-1 can bind to dynein/dynactin complex as well as the kinesin motor Kif1C. Localization of Rab6 secretory vesicles in pericentrosomal and neuronal differentiation are regulated by BICDR-1 [85] .
Rab33B and Rab6 overlap in the regulation of Golgi trafficking and organization
Rab33B is the only member of the Rab33 subfamily to be implicated in Golgi function. It is expressed ubiquitously Are Rab proteins the link between Golgi organization and membrane trafficking? 4099 across cell types [157] [158] [159] . We concentrate here on Rab33B because of its proven role in Golgi trafficking and organization. Immunoelectron microscopy analysis revealed that Rab33B was localized to the medial Golgi [159] . Similar information comes from confocal fluorescence microscopy [116] . Overexpression of GTP-restricted Rab33B relocalizes glycosyltransferases from the Golgi apparatus to the ER. Moreover, overexpression of GDPrestricted Rab33B inhibits the ER accumulation of Golgiresident enzymes in a Sar1 mutant background [160] . Sar1 is a small GTPase required for ER exit. Depletion of Rab33B by RNAi impairs Shiga-like toxin B trafficking from Golgi apparatus to the ER, while anterograde trafficking of tsO45G protein through the Golgi apparatus is not affected [117] . The above results demonstrate that Rab33B plays an important role in Golgi-to-ER retrograde transport and in so doing can regulate Golgi apparatus homeostasis. Further work by Starr et al. [117] indicated that the Rab33B and Rab6 functioned together in COPIindependent retrograde trafficking. Like Rab6, knockdown of Rab33B inhibits the disruption of Golgi organization induced by ZW10-and COG3-depletion. Moreover, the relocation of Golgi enzymes to the ER induced by GTPRab6 overexpression is inhibited in the epistatic Rab33B-depletion experiment. However, when this experiment is reversed, there is no obvious effect of a Rab6 knockdown on the GTP-Rab33B induced redistribution of Golgi enzymes. Therefore, Rab33B probably acts downstream of Rab6. Overall, the above results indicate that Rab33B and Rab6 functionally overlap in regulating intra-Golgi retrograde transport pathway and Golgi homeostasis. The two Rab proteins may be related by a Rab cascade, i.e., one Rab recruits or stabilizes the membrane association of another Rab in the same pathway.
Rab1, Rab2, and their effectors are essential for ER-to-Golgi trafficking and the maintenance of the Golgi ribbon Rab1 has two isoforms, named Rab1A and Rab1B, whose identity is 92 %. They can be found in the ER, early compartments of the Golgi stack and pre-Golgi intermediates, which are also referred to as ERGIC [118, 161] . Nuoffer et al. [162] analyzed the phenotype of rab1A mutant in which the S25N substitution reduced the affinity for GTP and resulted in a GDP-bound form. It turned out that the mutation of Rab1A inhibited protein export from the ER, transport between Golgi compartments, and also led to apparent dispersal of the Golgi to the ER, i.e., an ER exit defect was mimicked. Similarly, a Rab GAP expression screen revealed that TBC1D20 was a GAP for Rab1 in vivo and in vitro, and Rab1 was required for Golgi morphological integrity [128] . These results demonstrate that Rab1 not only plays a key role in ER-to-Golgi and intra-Golgi transport, but also is essential for the maintenance of the Golgi structure. Again as with Rab6, the role of Rab1 in Golgi organization may be an indirect consequence of its role in ER-to-Golgi membrane trafficking. The two members of the Rab2 subfamily, Rab2A and Rab2B, share 82 % identity. In contrast to Rab1, Rab2 has been detected only in pre-Golgi intermediates [163] . To identify the role of Rab2 in membrane trafficking, Tisdale et al. [164] generated site-directed Rab2 mutants. These mutations inhibited protein transport from the ER to the Golgi and indicate that Rab2 is required for ER-to-Golgi trafficking. Furthermore, they demonstrated the function of NH 2 terminus (amino acids 1-14) of Rab2. In vitro, this peptide can especially interfere with Rab2 and inhibit ERto-Golgi transport. NRK cells treated with this peptide exhibit reduced transport of VSV-G protein from the ER to pre-Golgi intermediates and a reduction of the size and abundance of pre-Golgi intermediates. In sum, the amino terminus of Rab2 appears essential for interaction with components involved in the maturation of pre-Golgi intermediates [163] . These outcomes could also reflect that Rab2 works in protein transport from ER to pre-Golgi intermediates. However, unlike Rab1, there is no evidence that Rab2 is associated with vesicle derivation from the ER. In Rab2 amino-terminal peptide experiments, Tisdale et al. [163] did not find any change in Golgi structure using immunofluorescence specific for cis/media resident protein 1,2-mannosidase II as marker. On the other hand, overexpression of the Rab2 GAP, TBC1D20, causes redistribution of Golgi enzymes to the ER [128] . Thus, Rab2 is probably involved both in ER-to-Golgi transport and the regulation of Golgi organization as well.
Rab18 and Rab43 are required for normal Golgi ribbon organization and probably ER/Golgi trafficking
Rab43 has been reported to have a role in the regulation of retrograde transport and Golgi organization. Overexpression of RN-tre, which is the GAP for Rab43, leads to the inhibition of Shiga toxin trafficking from cell surface to trans-Golgi and Golgi ribbon fragmentation, but anterograde transport through the Golgi apparatus is normal. Furthermore, cells depleted of Rab43 or expressing Rab43-T32N display a similar phenotype. The block of Shiga toxin trafficking is proposed to be induced by Golgi disorganization, but further studies are needed [129, 165] .
Information about the localization and function of Rab18 is limited. Some reports place Rab18 in endosomes and lipid droplets while others localize it to the ER and Golgi apparatus [104] [105] [106] [107] [108] . Like Rab43, Rab18 is essential for ER/Golgi trafficking and Golgi organization. Knockdown of Rab18 using three different siRNA causes inhibition of transport of the model cargo, VSV-G protein, to the cell surface and visible Golgi fragmentation. Overexpression of GFP-Rab18 results in a similar phenotype. Furthermore, the COPI-dependent cargo transport from Golgi to ER is not influenced by overexpression of Rab18-S22N, the GDP-restricted mutant of the protein, while COPI-independent cargo retrograde transport is enhanced. Thus, Rab18 is probably involved in the COPI-independent pathway as well [103, 135] .
Defects in Ypt1, Ypt32, and Ypt6 produce Golgiassociated vesicle accumulation in the yeast S. cerevisiae Ypt6, associated with the Golgi apparatus, is the homologue of mammalian Rab6 in yeast S. cerevisiae (Table 2) . Yeast has only one form of Ypt6. It is unknown to which part of Golgi apparatus Ypt6 localizes. Ypt6 is not required for yeast cell viability, but ypt6 deletion or truncation mutants exhibit growth inhibition at elevated temperatures. Moreover, disruption of Ypt6 leads to missorting of carboxypeptidase Y (CPY), inhibition of a-factor precursor processing, and vacuole fragmentation. Deletion of ric1, which implicated in localization of TGN membrane proteins in S. cerevisiae, results in a similar phenotype. SYS1, a multicopy suppressor of defects exhibited in yeast lacking Ypt6, can also complement the phenotype of the ric1 mutant. Therefore, it can be concluded that Ypt6 acts in the same pathway as Ric1 and is associated with Golgi organization [166] [167] [168] .
Siniossoglou [169] purified proteins that interacted with Ypt6 from yeast cytosol and identified two Ypt6 effectors, the tetrameric VFT complex and Sgm1. Sgm1 is homologous to mammalian Rab6 effector, TMF/ARA160, which is able to bind to three of the isoforms of Rab6, Rab6A, Rab6A 0 , and Rab6B. Ypt6 has been implicated in intraGolgi retrograde transport [166] . With loss-of-function mutations of Ypt6, the v-SNARE Sec22p, which cycles between Golgi compartments as well as between Golgi and ER, was mis-sorted to the late Golgi, while in wild-type cells, little of this protein was so localized. In mammalian cells, Rab6 functions in both non-coated and coated vesicle trafficking [135, 142, 149] . Disruption of ypt6 gene causes accumulation of 40 to 50-nm vesicles and membranebound, spherical structures. A fraction of these transport vesicles probably are from endosomes and targeted to fuse with late Golgi membranes [167, 170] . Whether these vesicles are coated remains an open question. The mechanism of vesicle formation is unknown.
For Ypt1 and Ypt32, it has been suggested that they have a functional relationship [11] . Ypt1, localized to the cis-Golgi, is thought to be the yeast counterpart of Rab1 in mammalian cells. Overexpression of mouse Rab1A can rescue the abnormal phenotype of yeast caused by mutation of Ypt1 [171] [172] [173] [174] . Moreover, as with Rab1, Ypt1 is also required for ER-to-Golgi trafficking and intra-Golgi retrograde transport in yeast [175, 176] . Ypt32 is the homologue of mammalian Rab11 in yeast and mainly localized to the trans-Golgi. It is involved in the regulation of vesicles export from late-Golgi compartments and exhibits functional redundancy with Ypt31 [177] .
Ypt1 and Ypt32 appear to act in a single Rab cascade to direct membrane trafficking in the Golgi, i.e., Ypt1 recruits TRAPP complex as GEF for the downstream Rab protein, Ypt32. Then activated Ypt32 recruits Sec2, a GEF for the next Rab protein, Sec4. Ypt32 also recruits Gyp1, which is a GAP for Ypt1 and extracts Ypt1 from the membrane [178] [179] [180] [181] . Thus, according to the cisternal maturation model, Ypt1 and Ypt32 are probably associated with the maturation states of the Golgi cisternae. The major organelle structural effect of Rab protein mutations in yeast manifests itself as vesicle accumulation.
Conclusions and perspectives
In this review, we have mainly paid attention to the localization and role of mammalian Rab6, Rab33B, Rab1, Rab2, Rab43, Rab18, and the comparable yeast proteins, Ypt1, Ypt32, and Ypt6. Each Rab protein significantly affects/regulates vesicular trafficking to/through the Golgi apparatus. Much of the affects of these proteins on Golgi organization can be explained on the basis of their effect on vesicular trafficking. Whether effects on Golgi stack interlinking into a Golgi ribbon in mammalian cells is due to the same process is uncertain. Stack interlinking likely 
